The nonlinear ͑third to fourth order͒ as well as linear photoconductivity in a Gallium nitride/ Indium-Gallium nitride ͑GaN/InGaN͒ heterostructure is investigated using femtosecond pulses in the infrared ͑IR͒ and near ultraviolet ͑UV͒. An anomalous IR photoresponse is explained by a four level model for the GaN region including defect density fluctuations and nonlinear carrier transport phenomena. The same model also explains the observed subpicosecond noninstantaneous IR response of the photodetector. The linear UV photoresponse originates in the InGaN region. Design guidelines for GaN-based nonlinear photodetectors used in autocorrelation measurements are suggested. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1728292͔ Group III nitrides have become an important material for optoelectronic applications in the blue and ultraviolet ͑UV͒ such as light-emitting diodes, laser diodes, or solar-blind UV photodetectors. [1] [2] [3] [4] [5] [6] Besides this, they have attracted interest as nonlinear optical medium in pulse diagnostics of infrared femtosecond laser pulses.
Group III nitrides have become an important material for optoelectronic applications in the blue and ultraviolet ͑UV͒ such as light-emitting diodes, laser diodes, or solar-blind UV photodetectors. [1] [2] [3] [4] [5] [6] Besides this, they have attracted interest as nonlinear optical medium in pulse diagnostics of infrared femtosecond laser pulses. 10 Despite their successful use in optoelectronic devices, the physical properties of GaN have not yet been fully investigated and understood. This is particularly true for the nonlinear optical properties of GaN. Research has focused on measuring the two-and three-photon absorption coefficient ␤ 2 and ␥ 3 , as well as the nonlinear susceptibilities involved in the optical Kerr-effect ( (3) ) and in second-harmonic generation ( (2) ) at selected photon energies. [7] [8] [9] [10] [11] [12] While the reported measurements often show a nonlinear response expected for an intrinsic semiconductor, [7] [8] [9] [10] [11] [12] deviations from this behavior have also been observed. Frequently, these deviations were attributed to material defects but not given a detailed explanation. 13, 14 A rigorous investigation of these anomalies is, however, of interest for several reason. First, they shed light on the structure, properties and mutual interaction of defects within the forbidden bandgap. Second, these effects have to be understood in order to know to what degree they can adversely affect the use of GaN for optoelectronic applications.
In this paper, we present the results of an experimental and theoretical study of the anomalous nonlinear infrared photoresponse and the femtosecond carrier dynamics in a GaN/InGaN heterostructure. These observations are successfully explained by a rate-equation based four-level model for GaN that includes nonlinear excitation in GaN, a saturable midgap defect level and spatial inhomogeneities in the sample. The UV photoresponse is shown to originate in the InGaN region. The paper is structured as follows: In Sec. I, the sample structure and the applied experimental techniques are presented. In Sec. II, the four-level model for GaN is introduced and discussed. The intensity and time dependence of the infrared photoresponse measurements is described and interpreted using the four-level model in Secs. III and IV, respectively. This is followed by the results of UV photoresponse measurements in Sec. V and conclusions in Sec. VI.
I. SAMPLE STRUCTURE AND EXPERIMENTAL TECHNIQUES
The sample used in this study was a GaN/InGaN multiple quantum well heterostructure, see Fig. 1 , and produced at the Center for High-Technology Materials ͑CHTM, University of New Mexico, Albuquerque͒. The InGaN multiple quantum well is sandwiched between two layers of 0.95 m magnesium doped p-GaN (n Mg ϭ10
19 cm Ϫ3 ) and 5.5 m silicon doped n-GaN (n Si ϭ10 17 cm Ϫ3 ). This structure was grown by metal-organic chemical vapor deposition on a c-plane sapphire substrate. A 20 nm thick low-temperature grown GaN buffer layer between the sapphire substrate and the n-GaN layer is used to accommodate the large lattice mismatch between GaN and sapphire. A Ni/Au layer on the p-GaN side, and a Ti/Al ring layer on the n-GaN side were deposited as electrodes. The InGaN multiple quantum well is undoped and consists of 10 periods of a 26 Å In 0.18 Ga 0.82 N quantum well and a 54 Å In 0.03 Ga 0.97 N barrier, resulting in a total thickness of 80 nm. The nominal bulk bandgap energy of the In 0.18 Ga 0.82 N well is 2.98 eV, 2 and electroluminescence measurements show a peak at a photon energy E ph Ϸ2.85 eV.
To measure the intensity dependence of the photoresponse, discussed in Sec. III, the sample was excited with a cw modelocked titanium sapphire laser. The photocurrent density at different excitation intensities, controlled by neutral density filters, was measured in the photovoltaic mode across a small load impedance. For the infrared ͑IR͒ photoresponse measurements, the 80 fs fundamental pulses at 800 nm with peak intensities Ͻ5 GW/cm 2 were used for multiphoton excitation. The spot size 2w 0 of the focused beam was varied to measure either a localized (2w 0 ϭ20 m) or a spatially averaged photoresponse (2w 0 ϭ100 m). For near-UV excitation at 400 nm, the frequency-doubled laser produced 240 fs pulses at peak intensities Ͻ2.5 MW/cm 2 .
Here the focused spot size was 2w 0 ϭ200 m. To characterize the temporal dynamics of the infrared photoresponse, which will be discussed in Sec. IV, the GaN heterostructure was used as a nonlinear photocurrent detector in autocorrelation measurements with a Michelson interferometer. 15 Finally, the spatial dependence of the infrared photoresponse in Sec. III was investigated with a femtosecond laser scanning microscope. Here, the short-pulse laser beam ( ϭ800 nm, 150 fs pulse duration͒ is tightly focused with a high numerical aperture microscope objective to a spot size of 3 m. A pair of steering mirrors allows one to scan the focused laser spot across the sample. At each xy position, the nonlinear photocurrent density j PC (x,y) is measured, producing a two-dimensional image of the nonlinear photocurrent.
II. THE FOUR-LEVEL MODEL FOR GAN
To explain the infrared photoresponse, a four-level model for the GaN layers was developed. Although the investigated sample contains both InGaN and GaN regions, the presence of the InGaN can be ignored for an interpretation of the infrared photoresponse for two reasons, as one can show by an order-of-magnitude estimate. 16 First, the thickness of the InGaN quantum well active region ͑total thickness 26 nm͒ is negligible compared to the thickness of the GaN region that contributes to the measured photocurrent signal. This thickness is given by the carrier diffusion length L n Ϸ200 nm, as carrier transport in the electric-field free GaN layers relies on diffusion to the electrodes. Second, the GaN layers contain a high density of defect levels in the bandgap region that can resonantly enhance the three-photon absorption coefficient in GaN. Under these conditions, two-photon absorption in the InGaN region ͑bandgap energy E g ϭ3.0 eV) is less effective than three-photon absorption in the GaN layers (E g ϭ3.4 eV).
The four-level model for the GaN layers, see Fig. 2 , includes the valence ͑VB͒ and conduction band ͑CB͒, a shallow-donor level ͑D͒ and a midgap defect level ͑YB͒. The density of defect states D and YB is assumed to vary between different sample regions. Carrier excitation occurs via three-photon absorption between valence and conduction band, and by linear excitation of carriers from D into CB. Carriers relax from CB into the shallow donor level D at a rate r CD and by interband relaxation at a rate r CV . From D, carrier relaxation occurs into YB with a transition rate r DY and by nonradiative decay with a relaxation time t B . Finally, carriers can relax between YB and VB at a rate r Y V . To model the observed photocurrent dynamics, which occurs on a 100-fs to 1-ps time scale, interband relaxation between CB and VB as well as transitions between YB and VB can be neglected for two reasons. First, interband relaxation typically occurs on a time scale of 100 ps to 1 ns, carrier transitions between YB and VB on a several nanosecond time scale. Second, interband recombination and the transitions between YB and VB are fast compared to the 13 ns time interval between two pulses in the pulse train, so that the sample has fully relaxed before the next pulse arrives.
The temporal evolution of the population densities in the four levels is described by a set of rate equations:
The symbols and their units are listed in Table I. In the limit that interband relaxation and transitions between YB and VB are slower than the time scale for excited-carrier relaxation, Eq. ͑4͒ and terms in Eqs. ͑1͒-͑4͒ that describe carrier relaxation into VB can be ignored. Table I for description of symbols
III. INFRARED PHOTORESPONSE
The infrared photoresponse is spatially inhomogeneous. Fig. 3 shows a two-dimensional image of the nonlinear photocurrent density j PC (x,y) that was measured with a femtosecond laser scanning microscope with a spatial resolution of ϳ3 m defined by the spot size of the focused laser beam. Regions of different nonlinear photocurrent response can be distinguished and are marked in Fig. 3 : high-response regions ͑region B͒ with a diameter of ϳ3 m and a mutual average spacing of (5Ϯ2) m surround low-response regions ͑region A͒ with a diameter between 10 and 15 m. Within the range of measured peak intensities, the photocurrent density j PC in region B is 2 orders of magnitude higher than that on region A, as was found in separate intensitydependent photoresponse experiments discussed below. For example, for an intensity of I 0 Ϸ1 GW/cm 2 , the photocurrent density is j PC Ϸ10 4 A/cm 2 in region B and j PC Ϸ10 2 A/cm 2 in region A. The weak response in region A could only be measured in separate intensity dependent photoresponse measurement, but was too weak to be detected in the photocurrent image obtained with laser scanning microscopy. This explains why these regions appear black in the photocurrent image in Fig. 3 . In some areas of the detector, one finds clusters of distinguishable high-response regions B, while they are homogeneously distributed in other areas. Different high-response regions B show a spread in the generated nonlinear photocurrent density j PC at equal excitation intensity I 0 , which appear in Fig. 3 as spots of different brightness. The intensity dependent photoresponse in region A is shown in Fig. 4 . A weak linear response at low excitation intensities I 0 Ͻ0.3 GW/cm 2 is followed by a third-order response at higher excitation intensities.
The intensity dependent photoresponse in region B is displayed in Fig. 5 . For intensities I 0 Ͼ0.4 GW/cm 2 the photoresponse can be described by a scaling law of the form j PC ϭRI 0 3.8 , where the response coefficient R can differ by a factor of up to 50 between different sample locations.
A. Intrinsic photoresponse "region A…
The photoresponse in region A, see Fig. 4 , is generated in areas where the average defect density is small, so that the photoresponse is dominated by the intrinsic GaN properties. 
B. Anomalous photoresponse "region B…
The anomalous photoresponse observed in region B can be understood as the combination of carrier excitation through three-photon absorption and a nonlinear, intensitydependent transport mechanism. This photoresponse regime originates in sample regions with high densities of the defect levels D and YB, which can act as saturable traps for conduction band carriers.
As the GaN regions are largely outside the depletion region, the charge carrier transport is based on carrier diffusion. The time-averaged photocurrent density j PC can then be expressed as
where f is the pulse repetition rate of the titanium sapphire laser, L D (I 0 )ϭͱD n n (I 0 ) is the electron diffusion length and D n the electron diffusion constant.
n (I 0 ) is an effective conduction band carrier lifetime. According to the four-level model, it is expected to be intensity dependent, as level YB acting as carrier trap saturates with increasing excitation intensity I 0 . As the occupation of YB changes during the relaxation process, the effective conduction band carrier lifetime is also time-dependent. n occurring in Eq. ͑5͒ therefore represents an average lifetime.
To derive n (I 0 ), two approaches can be chosen. First, one can solve the rate equations Eq. ͑1͒-͑4͒ numerically and approximate the time evolution of the carrier densities by an exponential decay with lifetime n (I 0 ). Second, one can find an approximate analytical solution for n (I 0 ) based on a physical model. The latter approach was chosen here, as it is physically more intuitive.
For high defect concentrations N D and N Y , excited carriers recombine from CB into D, and from D into either the deep level YB with recombination rate r DY , or by an unspecified nonradiative loss mechanism with decay time t B .
Other experimental data indicate that carrier relaxation between CB and D occurs within Ͻ100 fs, while relaxation between D and YB is rather on a picosecond time scale. 16 Under these conditions, level D is in quasiequilibrium after excitation, (dn D /dt)ϭ0. Equations ͑1͒ and ͑2͒ can be combined and result in dn C dt
͑6͒
The instantaneous carrier lifetime t CY between CB and YB can thus be expressed as
where (r DY N Y )ϭ1/t DY has been used. t CY still depends on the time dependent carrier population n Y . To model the gradual saturation of YB, n Y is replaced with n Y in the expression for n (I 0 ), where n Y is a measure of the average carrier density in YB during the recombination process, so that
where n Y is expressed as
where is a saturation parameter. While this expression is not rigorously derived, it captures the two main features of the conduction band carrier relaxation. First, the cubic dependence on I 0 results from the three-photon carrier excitation process. Second, (n Y /N Y ) shows the expected scaling (n Y /N Y )ϰI 0 3 for I 0 →0 and (n Y /N Y )→1 for high I 0 . Combining Eqs. ͑8͒ and ͑9͒ leads to
can be transformed into dimensionless form
where 1/ 0 ϭ1/t B ϩ1/t DY and 1/ ϱ ϭ1/t B are the limiting cases for small and high excitation intensities, respectively. Using this result in Eq. ͑5͒ leads to
A least-square fit of the measured j PC ϰI 0 3.87 dependence shown in Fig. 5 yields for the fitting parameters ( 0 / ϱ ) ϭ0.05 and ϭ35 (GW/cm 2 ) Ϫ3 . This result indicates, that carrier trapping into the midgap defect level YB dominates for small excited conduction band carrier densities. ϭ35 (GW/cm 2 ) Ϫ3 implies that YB can be saturated with peak excitation intensities I 0 Շ1 -2 GW/cm 2 used in our experiments.
As already discussed in Sec. II, two-photon absorption of infrared radiation in the InGaN quantum well layer is negligible compared to three-photon absorption in the GaN layers owing to the small thickness of the quantum well region. This explains the absence of a second-order IR photoresponse.
The strong localization of the anomalous photoresponse in regions B, as evident from Fig. 3 , implies an accumulation of defect levels at certain spots on the sample. This clustering of defects and their different photocurrent density also explains the large variation in the nonlinear photoresponse coefficient R defined by j PC ϭRI 0 3.8 observed in regions B. Large values of R correspond to areas with high nonlinear photoresponse and/or areas with a large number density of single, unresolved micrometer size spots within the 3 m diameter excited by the scanning laser beam.
The formation of defect clusters has been attributed to the pinning of point defects to extended crystal defects such as dislocations or grain boundaries. 17, 18 It was speculated, that the defect level in question is the Si N -V Ga complex 19 formed by a Si atom at the N site (Si N ), which is predicted to be a shallow donor level, and the Ga vacancy (V Ga ), predicted to be a deep-acceptor level in the midgap region. 20 Our results support this theory, first, by the use of Si as n dopant in this sample. Second, we observed a yellow photoluminescence ͑PL͒ band which has been associated with the Si N to V Ga transition. 21 Third, this PL band saturates at high excitation intensities, which correlates with the saturation of the level YB causing the anomalous photoresponse.
The Si N -V Ga defect complex responsible for the anomalous photoresponse also explains why, despite the high defect density in region B, no linear photoresponse at low intensities (I 0 Ͻ0.3 GW/cm 2 ) is expected in region B, unlike the linear photoresponse measured at these intensities in region A. As both defects are spatially correlated, charge carriers will predominantly be in the energetically lower acceptorlike V Ga defect, and the donorlike Si N defect is largely unoccupied. The V Ga defect is energetically close to the valence band, 20 so that no one-photon transition from V Ga into the conduction band is possible, either. Therefore, no linear photoresponse caused by the Si N -V Ga complex in region B is expected.
Despite the high defect density in region B, the photoresponse there is stronger than in region A with a low defect density at all measured excitation intensities. The reason is the resonant enhancement of three-photon absorption caused by level YB. The latter is energetically close to a one-photon transition from the valence band. This results in a higher three-photon absorption coefficient ␥ 3 in region B than in region A. The same applies to the generated conduction band carrier density contributing to the photocurrent. Apparently, this effect outweighs the higher carrier trapping rate caused by the high defect density and results in an overall stronger photoresponse in region B.
IV. NONINSTANTANEOUS IR PHOTORESPONSE
In order to investigate the carrier relaxation in the GaN sample, femtosecond pulse intensity autocorrelation measurements using the nonlinear photocurrent were performed in both region A and region B. Autocorrelation traces of femtosecond pulses measured in region B at different incident intensities are displayed in Fig. 6 . The most important observations can be summarized as follows.
First, the different photoresponse regimes in regions A and B result in different shapes of the autocorrelation traces. The autocorrelation traces recorded in region B are broadened with respect to an ideal third-order autocorrelation of 80 fs sech 2 pulses, see Fig. 6 . In region A, where the response is largely intrinsic, no such broadening was observed and the autocorrelation resembled an ideal third-order intensity autocorrelation.
Second, the autocorrelation signal in region B for time delays larger than the pulse duration decays with a time constant n , assuming an exponential decay. This decay time is strongly intensity dependent and changes from n Ϸ260 fs at the lowest excitation intensity (I 0 ϭ0.3 GW/cm 2 ) to n Ϸ670 fs at the highest excitation intensity (I 0 ϭ1.5 GW/cm 2 ). Third, the excitation intensity dependence of the peak photocurrent measured in the autocorrelation traces in region B follows the same power law i PC ϰI 0 3.8 that was observed in the photoresponse measurements.
The same four-level model invoked to explain the anomalous photoresponse also explains the noninstantaneous response observed in the autocorrelation traces. Carriers excited into CB by three-photon absorption partially relax into the empty donor state D, and from there into YB. Assuming a high concentration of shallow-donor levels D, fast carrier trapping from CB into D is followed by carrier relaxation between D and YB with a decay time t DY ϭ1/͓r DY (N Y Ϫn Y )͔, or by nonradiative decay from D with decay time t B . The effective decay time n is again given by Eq. ͑10͒. Within a time interval n , the carrier population in D can be reexcited into the conduction band and contribute to the photocurrent signal. This explains the observed wings in the autocorrelation traces and the dependence of n on excitation intensity I 0 . By extrapolation of n (I 0 ) to high excitation intensities, one can extract the nonradiative decay time as t B ϭ ϱ Ϸ(670ϩ/Ϫ130) fs using Eq. ͑10͒. The small value for t B is another indication for the high defect density in regions B. In summary, both the anomalous nonlinear photoresponse and the noninstantaneous relaxation behavior in B-type regions are a consequence of fast trapping of carriers from the conduction band by defect level YB.
V. UV PHOTORESPONSE
For excitation in the near UV at ϭ400 nm, the photocurrent i PC shows a linear dependence on excitation intensity I 0 and excitation power P 0 , see Fig. 7 . Despite the linear response, the results are presented in terms of photocurrent density j PC and peak excitation intensity in order to compare the nonlinear infrared photoresponse with the linear UV photoresponse.
The photocurrent density j PC varies between 3 and 300 A/cm 2 for peak excitation intensities between I 0 ϭ25 kW/cm 2 and 2.5 MW/cm 2 , corresponding to a responsivity SϭI/ Pϭ40 A/W. The photocurrent density j PC is of the same order of magnitude as with nonlinear excitation in the infrared, but at an excitation intensity that is three orders of magnitude smaller.
At first glance, the linear UV photoresponse seems to be inconsistent with the observed third-order infrared photoresponse in GaN. One would rather expect a second-order UV photoresponse, given the photon energy E ph ϭ3.1 eV. The linear dependence of j PC is consistent, on the other hand, with photocurrent generation in the InGaN multiple quantum well region. Several arguments favor this interpretation.
First, GaN with a bandgap energy of E g ϭ3.4 eV is a two-photon absorber at ϭ400 nm, while the InGaN quantum well, bandgap energy E g ϭ3.0 eV, allows linear absorption of the exciting laser beam. The generated carriers in the InGaN quantum wells are elevated across the remaining energy barrier of ⌬EϷ125 meV by thermal activation and contribute to the photocurrent. Despite the small thermal energy k B Tϭ26 meVϽ⌬E at room temperature, thermal activation is enhanced by two effects. The tilting of the quantum well energy levels in the strong electric depletion field 22, 23 and potential fluctuations associated with variations in the Indium content 24 both reduce the energy barrier for carrier escape from the InGaN quantum wells.
Second, two-photon absorption in the GaN-substrate at ϭ400 nm is negligible compared to linear absorption in the quantum well at the rather small UV peak intensities I 0 Շ2. 5 16 The estimated linear photocurrent density is ten times higher than the observed value shown in Fig. 7 . This agreement within one order of magnitude is reasonable, given the optimistic assumption of ideal quantum efficiency ϭ1.
Third, carrier transport in the InGaN quantum well region relies on carrier drift in the strong electric field in the depletion region, as opposed to carrier diffusion in the GaN region, leading to a potentially higher quantum efficiency in the InGaN region.
VI. CONCLUSIONS AND SUMMARY
A complex nonlinear infrared photoresponse and a linear UV photoresponse in a GaN/InGaN heterostructure was observed with femtosecond photocurrent measurements and photocurrent imaging. The infrared photoresponse is spatially inhomogeneous and shows two regions A and B with different photoresponse: In region A, a linear dependence at low excitation intensities, caused by linear absorption from a shallow defect into the conduction band, is followed by a third-order dependence at high intensities, caused by interband three-photon absorption. The photocurrent is generated in regions of small defect densities and reflects the intrinsic response of GaN. In region B, which is strongly localized around defect clusters, the photoresponse is described by a power law ͗ j PC ͘ϰI 0 3.8 and can be explained by interband three-photon absorption and an excitation dependent diffusion-based transport mechanism. A four-level model with a saturable carrier trap accounts for the anomalous scaling of the observed intensity dependent photoresponse quantitatively. This model also explains the noninstantaneous photoresponse. The linear UV photoresponse is caused by linear carrier absorption in the InGaN multiple quantum well region.
While the observed strong prominence of defect levels in the investigated GaN-sample rules out its use as, for example, solar-blind UV photodetector, 3 GaN-based semiconductor structures are still interesting as nonlinear photodetector used in short laser pulse diagnostics. As GaN is a threephoton absorber at infrared wavelengths, it can be used for third-order autocorrelation measurements of ultrashort laser pulses. Such autocorrelations, together with the pulse spectrum, have been shown to allow complete amplitude and phase reconstruction of laser pulses. 27 A defect-related nonlinear response, as in the device investigated here, can, however, lead to erroneous results in laser pulse diagnostics, both regarding the pulse duration and the pulse shape. From our results, some design and selection guidelines for GaN-based nonlinear detectors can be derived. First, the photoresponse should be tested. A photoresponse power law i PC ϭRI 0 p with pϾ3.0 indicates the presence of a saturable defect levels and rules out these detectors for autocorrelation purposes. Second, complex heterostructures with regions of different nonlinear photoresponse can yield ambiguous results and therefore are to be avoided. Finally, a GaN pn junction photodetector, having a strong electric depletion field, is favorable for third-order autocorrelation purposes, as the small carrier drift time minimizes the effects of defect-related recombination.
